Banks L, Sasson Z, Busato M, Goodman JM. Impaired left and right ventricular function following prolonged exercise in young athletes: influence of exercise intensity and responses to dobutamine stress. J Appl Physiol 108: 112-119, 2010. First published November 5, 2009 doi:10.1152/japplphysiol.00898.2009We examined the effect of intensity during prolonged exercise (PE) on left (LV) and right ventricular (RV) function. Subjects included 18 individuals (mean Ϯ SE: age ϭ 28.1 Ϯ 1.1 yr, maximal aerobic power ϭ 55.1 Ϯ 1.6 ml · kg Ϫ1 · min Ϫ1 ), who performed 150 min of exercise at 60 and 80% maximal aerobic power on two separate occasions. Transthoracic echocardiography assessed systolic and diastolic performance, and blood sampling assessed hydration status and noradrenaline levels before (pre), during (15 and 150 min), and 60 min following (post) PE. ␤-Adrenergic sensitivity pre-and post-PE was assessed by dobutamine stress. High-intensity PE (15 vs. 150 min) induced reductions in LV ejection fraction (69.3 Ϯ 1.3 vs. 63.5 Ϯ 1.3%, P ϭ 0.000), LV strain (Ϫ23.5 Ϯ 0.6 vs. Ϫ22.3 Ϯ 0.6%, P ϭ 0.034), and RV strain (Ϫ26.3 Ϯ 0.6 vs. Ϫ23.0 Ϯ 0.6%, P Ͻ 0.01). Both exercise intensities induced diastolic reductions (pre vs. post) in the ratio of septal early wave of annular tissue velocities to late/atrial wave of annular tissue velocities (2.15 Ϯ 0.15 vs. 1.62 Ϯ 0.09; 2.21 Ϯ 0.15 vs. 1.48 Ϯ 0.10), ratio of lateral early wave of annular tissue velocities to late/atrial wave of annular tissue velocities (3.84 Ϯ 0.42 vs. 2.49 Ϯ 0.20; 3.56 Ϯ 0.32 vs. 2.08 Ϯ 0.18), ratio of early to late LV strain rate (2.42, Ϯ 0.16 vs. 1.97 Ϯ 0.13; 2.30 Ϯ 0.15 vs. 1.81 Ϯ 0.11), and ratio of early to late RV strain rate (2.03 Ϯ 0.17 vs. 1.51 Ϯ 0.09; 2.16 Ϯ 0.16 vs. 1.44 Ϯ 0.11) (P Ͻ 0.001). Evidence of ␤-adrenergic sensitivity was supported by a decreased strain, strain rate, ejection fraction, and systolic pressure-volume ratio response to dobutamine (P Ͻ 0.05) with elevated noradrenaline (P Ͻ 0.01). PE-induced reductions in LV and RV systolic function were related to exercise intensity and ␤-adrenergic desensitization. The clinical significance of exercise-induced cardiac fatigue warrants further research. ␤-adrenergic receptor; cardiac fatigue; echocardiography PROLONGED EXERCISE (PE) MAY produce transient impairments in cardiac function, a phenomenon termed exercise-induced cardiac fatigue (EICF) (6). Our group (17) and others (7, 14, 21, 32, 34) have shown a decline in left ventricular (LV) diastolic function following exercise of varying durations. Less consistent findings for LV systolic function have been reported, with many showing a decline in systolic performance following exercise (8 -10, 38, 39, 41), and some reporting no change (17, 18, 21, 23) . Recently, our laboratory has demonstrated a decline in diastolic performance and systolic performance after 150 min of intensive exercise (17), with no change observed during exercise, suggesting that alterations in LV contractility may be unique to the recovery period and possibly the rapidly changing hemodynamic conditions of recovery.
during exercise, suggesting that alterations in LV contractility may be unique to the recovery period and possibly the rapidly changing hemodynamic conditions of recovery.
A major challenge common to these investigations relate to the technical limitations of imaging the LV and in particular, the right ventricle (RV). Recent studies have utilized speckle tracking (15, 32) to enable less load-dependent estimations of contractility, overcoming many previous echocardiographic (Echo) limitations (2, 26, 29) . While the intrinsic physiological mechanism leading to transient impairments in cardiac function remains unclear, ␤-adrenergic receptor saturation with elevated catecholamine levels [i.e., noradrenaline (NA)] during PE has been hypothesized to produce reductions in ␤-adrenergic receptor sensitivity and myocardial contractility (15, 17, 36, 42) ; however, ␤-adrenergic desensitization following PE has not been assessed in conjunction with speckle trackingbased measures of myocardial strain (S) and strain rate (SR). The influence of exercise intensity on the development of EICF has not been examined directly, yet field studies typically include subjects who may complete distance events under widely disparate times, corresponding to a wide range in exercising heart rates (HRs). This may be associated with differing catecholamine release, which may ultimately increase the magnitude of ␤-adrenergic desensitization (4, 5, 36, 45) . Therefore, the purpose of this study was to examine the effects of both moderate-and high-intensity exercise on LV and RV performance during and following PE. We hypothesized that PE elicits a reduction in LV and RV diastolic and systolic function during and following the recovery from PE, and the degree of change is directly related to exercise intensitymediated changes in ␤-adrenergic sensitivity.
METHODS
Ethical approval. The protocol and informed, written consent obtained from all subjects before their participation were approved by the University of Toronto and Mt. Sinai Hospital research ethics boards pertaining to human subjects, in full conformity with the Helsinki Declaration on the use of human subjects.
Subjects. A total of 18 young, trained individuals (12 men and 6 women; age: 19 -35 yr) were recruited from advertisements posted in local running and triathlon clubs. Subjects were free of medications and had no previous known history of cardiovascular disease.
General experimental design. Subjects initially underwent graded exercise testing to determine maximal aerobic power (V O2 max). These results were used to establish running velocities, eliciting HRs of 60% (moderate intensity) and 80% V O2 max (high intensity) during PE sessions, which were conducted on separate occasions within a 4-wk period (range: 1-4 wk), in a controlled laboratory setting. Twodimensional (2D) echocardiography (Echo) was performed at baseline 60 min before the exercise session (pre), during exercise periods at both 15 min and 150 min, and during recovery at 60 min after exercise (post). Exercise Echo assessments were completed at 15 and 150 min into exercise to enable the examination and comparison of both the acute and PE response, respectively. Dobutamine Stress Echo (DSE) was used to interrogate ␤-adrenergic sensitivity pre-and post-PE.
Maximal exercise testing. Graded treadmill exercise testing (Lode B.V. Groningen-Holland Medical Technology) was performed to exhaustion to assess V O2 max and maximal HR. Ventilatory variables were collected online using a metabolic cart (Moxus Modular VO2 system, Applied Electrochemistry, Pittsburgh, PA), and HR was measured continuously (Polar 810i) and recorded electronically (HRTrak II Heart Rate Tracker, Equilibrated Bio Systems). A plateau in oxygen consumption, despite an increase in work rate, was used for determining maximal effort. Secondary measures for the attainment of V O2 max included the attainment of the age-predicted maximal HR and a respiratory exchange ratio of 1.15 or higher.
PE protocol. Subjects randomly performed both a high-and moderate-intensity (80 and 60% V O2 max, respectively) PE challenge. Subjects were asked to refrain from caffeine and alcohol 24 h before study participation. Subjects were weighed on a calibrated scale (Health-O-Meter, Bridgeview, IL) to determine dry body mass. To minimize changes in loading conditions, participants were encouraged to consume water ad libitum, and fluid consumption was monitored every 20 min during PE. Each subject was fitted with a standard 12 electrocardiographic lead configuration (Case 16 Exercise Testing System, Marquette Medical Systems, Milwaukee, WI) for HR assessment and Echo gating. Each PE challenge involved 150 min of running at a continuous intensity, which was established on a treadmill immediately before the completion of the exercise prescription on a supervised 200-m track in a controlled environment.
Echo. 2D and tissue Doppler imaging (TDI) studies were conducted using an M3S probe on a commercial system (GE Vivid 7 & Imaging System, version BT03-5; GE Healthcare, Canada), in accordance with the American Society of Echocardiography (28) . All Echo images were acquired with the subject placed in the semiprone position (60°table elevation) on an imaging table, oriented in the left lateral decubitas position. All Echo data were analyzed offline by a single trained observer using a commercially available proprietary workstation (GE Healthcare, EchoPac, version 7). For Echo assessments during the exercise period (at 15 and 150 min), subjects were transferred from the treadmill to the Echo table placed adjacently and underwent Echo imaging within 10 s after ceasing exercise and dismounting.
A minimum of three cardiac cycles were captured and averaged for analysis. M-mode and 2D Echo images were obtained from the standard parasternal and apical windows. All system settings were adjusted to produce optimal signal-to-noise ratio and endocardial delineation. Apical four-chamber views were used to calculate LV end-diastolic volumes (EDV) and end-systolic volumes to determine ejection fraction (EF) using the single-plane Simpson's method (28) . Longitudinal S and SR were acquired from apical four-chamber views using 2D echo speckle tracking analysis with a frame rate of 70 frames/s (11) . Regional systolic and diastolic longitudinal S and SR analysis involved six segments of the LV wall (basal septum, midseptum, apical septum, apical lateral, midlateral, and basal lateral) and three segments of the RV (basal lateral, midlateral, apical lateral). An average of the six LV and three RV segments was calculated to derive global longitudinal S and SR from three cardiac cycles. Graphically, peak longitudinal S was defined as the greatest value on the S curve. While S is reported as the percentage of change (%) in deformation from the initial value, SR is the rate of deformation change per second (s Ϫ1 ). Diastolic SR assessment of early (SRe) and late (SRa) diastole was completed with 2D echo speckle tracking, and the resulting SR e/SRa (ratio of early to late diastolic SR) was calculated. Pulsedwave Doppler recordings enabled the assessment of diastolic function as early (E) and late atrial (A) peak transmitral blood flow velocities, and the calculation of the ratio of early to late diastolic filling (E/A). TDI measures of peak early (E=) and late atrial (A=) myocardial tissue velocities were acquired at the septal and lateral mitral annular sites for the determination of E=/A= values. Pulsed-wave Doppler and TDI data were combined to calculate E/E= (ratio of early diastolic filling to peak early tissue velocity). E/E= has been reported to be a noninvasive estimate of left atrial pressure and thus is a surrogate index of preload (33) . Peak pulmonary artery systolic pressure (PASP) was estimated from tricuspid regurgitation with the Bernoulli equation (13) .
DSE. DSE was performed in a semiprone position (with 60°table elevation) pre-and post-PE. Participants were given incremental doses of dobutamine (0, 5, 10, 20 g · kg Ϫ1 · min Ϫ1 ). Each stage lasted 5 min, with the acquisition of Echo images obtained during the last 1-2 min of each stage. Both systolic and diastolic indexes were assessed during each dobutamine stage. Intraobserver reliability measures were completed, and the intraclass correlation coefficient for the serial assessment of longitudinal S was 0.92.
Blood sampling. Blood samples for the determination of hematocrit (Hct) and plasma NA were obtained pre-, during (15 min and 150 Statistical analysis. Group data for each variable are reported as means Ϯ SE. Repeated measures of analysis of variance, with Bonferroni post hoc comparisons using SPSS (version 16) were used to compare all measures at baseline (pre), exercise (15 and 150 min), and recovery (post). Changes (pre-post exercise S, SR, EF, systolic pressure-volume ratio, E/A, E=/A= data) in variables of systolic and diastolic function were calculated, and correlational analysis was performed using Pearson's product-moment analysis. The level of significance was set a priori at P Ͻ 0.05.
RESULTS

Subject characteristics.
Baseline characteristics are presented in Table 1 . All 18 participants (age ϭ 28.
) completed the study and presented with normal ventricular morphology and resting function, typical of well-trained endurance athletes. No differences existed in baseline systolic and diastolic function between PE sessions conducted on separate days (P Ͼ 0.05).
Cardiovascular function (during PE).
Changes in cardiovascular variables observed with PE are summarized in Table 2 . During exercise, subjects consumed water ad libitum throughout the exercise sessions, with no difference observed in water consumption between exercise sessions (moderate: 1.0 Ϯ 0.1 liter; high: 1.0 Ϯ 0.08 liter, P ϭ 0.733). A modest increase in HR from 15 to 150 min was observed during PE, regardless of exercise intensity (moderate: 140 Ϯ 2.3 to 144 Ϯ 2.6 beats/ min, P Ͻ 0.01; high: 158 Ϯ 2.2 to 163 Ϯ 2.5 beats/min, P Ͻ 0.01), whereas stroke volume was only reduced during PE (15 vs. 150 min) in the high-intensity exercise group (moderate: 66.1 Ϯ 3.4 vs. 65.6 Ϯ 3.1 ml, P ϭ 0.814; high: 66.9 Ϯ 2.3 vs. 52.9 Ϯ 2.7 mL, P Ͻ 0.01).
Systolic function. Changes in myocardial S and SR during PE (15 vs. 150 min) are shown in Fig. 1 . Significant declines in both myocardial LV and RV S were evident with the high-intensity exercise only (15 vs. 150 min; LV S: Ϫ23.5 Ϯ 0.6 to Ϫ22.3 Ϯ 0.6, P ϭ 0.03; RV S: Ϫ26.3 Ϯ 0.6 to Ϫ23.0 Ϯ 0.6, P Ͻ 0.01), and there was a nonsignificant decline in myocardial systolic SR (LV SR: P ϭ 0.09; RV SR: P ϭ 0.34). These changes were unrelated to changes in indexes related to loading conditions, as no correlation was found between measures of S or SR and EDV (r ϭ Ϫ0.20, P ϭ 0.43; r ϭ Ϫ0.079, P ϭ 0.76) and Hct (r ϭ Ϫ0.21, P ϭ 0.42; r ϭ Ϫ0.29, P ϭ 0.26), and body mass (r ϭ Ϫ0.25, P ϭ 0.34; r ϭ Ϫ0.03, P ϭ 0.90). Modest correlations were observed between exercise HR and changes in both LV EF (r ϭ 0.38, P Ͻ 0.02) and RV S (r ϭ 0.48, P Ͻ 0.01). Changes in RV S were also unrelated to changes in RV pressure at both exercise intensities (r ϭ 0.07, P ϭ 0.80; r ϭ 0.04, P ϭ 0.89, respectively).
DSE. Changes in cardiovascular variables observed pre-and post-PE with dobutamine stress are shown in Table 3 . Post-PE dobutamine stress data indicate an intensity-mediated decline in myocardial ␤-adrenergic receptor sensitivity following 150 min of exercise for LV and RV contractility (Fig. 2) , as measured by the decreased responsiveness of LV S, RV S, LV EF, and LV systolic pressure-volume ratio to incremental dobutamine stages. Modest correlations were observed between exercise NA and the pre-post PE change in the LV EF (r ϭ 0.43, P ϭ 0.012) and LV SR (r ϭ 0.34, P ϭ 0.057) response to the highest dobutamine dose (20 g · kg Ϫ1 · min
Ϫ1
). Diastolic function. Changes in diastolic function following PE are summarized in Table 4 . Most indexes of diastolic function were reduced in recovery (pre vs. post) following 150 min of exercise, including E/A (high intensity only), E=/A= septal, E=/A= lateral, LV SR e /SR a , and RV SR e /SR a at both moderate and high intensities (P Ͻ 0.05). Changes in E/A were unrelated to changes in HR, EDV, Hct, and body mass at either intensity (P Ͼ 0.05).
Blood analysis. Changes in Hct and catecholamines are summarized in Table 5 . There was a greater elevation in NA immediately following the high-intensity relative to the moderate-intensity PE (P Ͻ 0.05). NA remained elevated during recovery (P Ͻ 0.01). Hct was unchanged following both PE intensities (P Ͼ 0.05). Plasma volume changes (pre vs. post) were minimal following both moderate (Ϫ2%) and high intensities (0.5%).
DISCUSSION
We demonstrated an intensity-mediated reduction in both LV and RV function, related to ␤-adrenergic desensitization, following 150 min of exercise in a young, healthy cohort. In contrast, a reduction in both LV and RV diastolic function was independent of exercise intensity. To our knowledge, this was the first study to examine the role of exercise intensity on both LV and RV function following PE. Furthermore, participants completed the study in a controlled laboratory environment, whereby fluid ingestion was monitored throughout the exercise and loading conditions were restored during the postexercise assessment period.
Systolic function. Our observations of both LV S and RV S being reduced in the high-intensity exercise only (15 vs. 150 min) suggests that exercise intensity may directly mediate the magnitude of EICF following 150 min of exercise. The higher intensity PE, reflected by a difference of ϳ20 beats/min, was associated with larger reductions in LV (i.e., LV EF) and RV Values are mean Ϯ SE. LV, left ventricular; S, peak global strain; SR, peak global strain rate; RV, right ventricular; E, peak transmitral blood flow velocity of early filling wave; A, peak transmitral blood flow velocity of late/atrial filling wave of blood flow velocity; E/A, ratio of E and A waves; E=, early wave of annular tissue velocities; A=, late/atrial wave of annular tissue velocities; E=/A=, ratio of E= and A= waves; E=/A= septal, septal annular tissue velocities ratio of E= and A= waves; E=/A= lateral, lateral annular tissue velocities ratio of E= and A= waves; SRe, early filling wave peak diastolic strain; SRa, late/atrial filling wave peak diastolic strain; SRe/a, ratio of early to late filling wave peak diastolic strain. *Significance level of P Ͻ 0.05 for pre-vs. postexercise data.
(i.e., RV S) contractility. A reduction in ␤-adrenergic sensitivity following PE has been reported by others (12, 19, 36, 37, 42) ; however, this is the first study to examine the contribution of exercise intensity and NA to this phenomenon. Data from animal chronic pacing studies (i.e., duration: 3 h to 20 days) have demonstrated significant reductions in ventricular function (1, 25, 44 ), secondary to reductions in ␤-adrenergic sensitivity and density (31, 35, 44) . A reduction in ␤-adrener- gic receptor density has been demonstrated following an acute 3-h cardiomyocyte pacing model (44) . A similar mechanism of action specific to ␤-adrenergic sensitivity density (22) may be active during higher intensity PE. This is further supported by an animal training model, where a graded reduction in ␤-adrenergic receptor density (i.e., between 13 and 25%) was reported with increasing exercise intensity (43) . Furthermore, a tachycardia-induced model in subjects with impaired ventricular function was associated with a greater NA responses (24) , similar to our intensity-related increase in NA during PE, and persistence of elevated NA during the recovery period when dobutamine stress was performed. Catecholamine concentration is influenced by both exercise intensity and duration (45) , both of which were controlled in the present study compared with numerous studies characterized by a wide range of relative exercise intensities and exercise times. Finally, we restricted our subject population to a relatively narrow range, given that aging is associated with diminished ␤-adrenergic sensitivity. Our subject population included both male and female participants. In contrast to one previous study (36) , we found no significant sex differences in our primary indexes for systolic and diastolic function, allowing for a single-group analysis with sexes combined.
Few studies (27, 32, 34) have examined the effects of PE on RV function, likely due to the inherent technical challenge of imaging the RV. We reported a significant reduction in RV S following high-intensity PE (15 vs. 150 min) similar to the marathon study of Neilan et al. (32) . This response may be amplified in endurance-trained athletes, where pulmonary artery systolic pressure may exceed 60 mmHg during acute strenuous exercise (3), and potentially contributes to RV impairments during PE. While technical limitations prevented our assessment of PASP immediately following PE, we reported no elevation in PASP at 1 h of recovery. However, as Neilan et al. (32) previously reported, for elevated PASP immediately following PE, it is likely that PASP may be elevated during PE and rapidly normalize with exercise cessation. Given the equalization of Hct and LV volumes in the postrecovery assessment to those observed at baseline, our efforts to rehydrate subjects conferred an advantage in ascribing changes in both RV and LV function to factors independent of loading conditions. Diastolic function. To our knowledge, the effects of exercise intensity on RV diastolic function following PE have not been previously reported; however, numerous studies have reported a decline in LV diastolic performance, particularly for both the E/A and E=/A= (7, 20, 21, 30, 32) . We also observed a reduction in diastolic function using the less load-dependent measure of diastolic SR (SR e /SR a ). In particular, there was a decrease in LV and RV SR e concomitant with an increase in SR a . Changes in diastolic function following PE were unrelated to changes in indexes related to preload (EDV, Hct) and HR, which suggests that the alterations in LV relaxation are likely related to other underlying intrinsic mechanisms. Similarly, no change in indexes that estimate preload (i.e., E/E=) was observed, which, apart from confirming our efforts to establish rehydratation during and following exercise, further suggests that the impairment in LV diastolic function is due to an altered relaxation of the LV, and helps to explain the decline in LV EDV and EF observed in recovery. Future research is needed to elucidate potential underlying mechanisms for changes in LV and RV diastolic function following PE.
Limitations. Our study has limitations. Although it was not possible to fully control for changes in preload, efforts were made to normalize fluid status during the postexercise assessments, and, as a result, changes in LV and RV functional indexes were not related to any changes in loading conditions. Factors that indirectly reflect preload (i.e., Hct, body mass, EDV, E/E=) were also unchanged following PE when recovery Echo measures were acquired. The inherent limitations of certain Echo-derived indexes of cardiac performance, including the preload dependency of EF, and the load and HR dependency of E/A, have been well described; however, the determination of S and SR in the present study design limits the confounding influence of loading conditions (2, 13, 16, 29) . Although these measures (and the ESPV) are indirect estimates of contractility, they remain widely accepted, and, in the present study, their responsiveness to an inotropic stimulus is a distinct advantage. Notwithstanding, the lower frame rate required for optimization of images for speckle tracking analysis limited our ability to obtain images at higher HRs, given the limited field of view, and, as a result, immediate postexercise assessments were performed for this reason. In addition, it facilitated the assessment of the RV. This resulted in lower HRs compared with what would have been achieved with concurrent Echo and exercise. Finally, although subjects were assessed while semiprone (60°elevation), this position may have modified cardiac filling compared with the fully upright position of exercise. However, given that all assessments were performed in this manner (immediately postexercise), the comparison of exercise conditions remains appropriate and without bias. We limited the variation for Echo measures by using a single operator, with analyses performed by a single, trained individual to eliminate the possibility of interobserver variability. Although we assessed PASP 1 h following exercise, we were unable to analyze the immediate postexercise PASP in an acceptable time period following exercise, given the number of images recorded. Exercise intensity and duration were standardized to isolate the effects of intensity (therefore, HR) on cardiac function following PE; therefore, it was not possible to control for the "volume" of exercise, per se. The clinical implications of these findings are unclear; however, our data do suggest that a more profound alteration in the physiological milieu specific to cardiac regulation occurs with increasing exercise intensity, despite controlled efforts to maintain hydration status. While our evidence supports an intensity-related ␤-adrenergic desensitization, it remains to be determined whether these changes are specific to the receptor or further downstream; this requires further study with correspondingly elevated NA levels. Furthermore, LV chamber stiffness may have also contributed to impairments in systolic and diastolic function.
Conclusion. In conclusion, the reduction in LV and RV contractility following PE, as assessed in a controlled laboratory environment, is, in part, secondary to a decrease in ␤-adrenergic sensitivity, with more significant declines in function observed with higher intensity exercise. Diastolic relaxation impairment following PE was observed in both the LV and RV, regardless of exercise intensity. These changes occurred while exercise time, exercise intensity, and fluid replacement were controlled, and postexercise hydration status was normalized to baseline levels. Further research is required to elucidate the long-term, clinical significance of EICF.
